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Introduction
X-ray microtomography is a powerful technique for investigating the internal structure of opaque objects [1] . An X-ray beam penetrates a sample, and the spatial distribution of the Xray attenuation coefficient is read out by a detector. The detector is usually based on a scintillator screen that converts X-rays into optical photons. The optical image generated in the scintillator screen is magnified with a microscope objective and recorded by a photodetector. Even though X-ray wavelengths theoretically allow imaging with subnanometer spatial resolution, in practice the finite X-ray energy deposition volume and the diffraction barrier of the microscope optics limit the achievable resolution [2] . The diffraction limit is given by ≈λ/2NA, where λ is the wavelength of the scintillation emission, and NA is the numerical aperture of the objective [3] . It is 300-500 nm for current imaging systems. Use of X-ray optics is a well-established solution for sub-100-nm X-ray imaging [4] , but it requires fabrication of additional tools, and in some cases a monochromatic and coherent Xray beam.
In far-field fluorescence microscopy, the diffraction limit was overcome with stimulated emission depletion (STED), which improved the spatial resolution down to the nanometer scale [5, 6] . This technique employs a STED-laser beam that instantly de-excites fluorescent markers from the excited state to the ground state via stimulated emission. Usually, the STED beam has a doughnut shape that confines the fluorescence region to its very center. The image is then formed by raster scanning the doughnut along the specimen and measuring the fluorescence from its zero-intensity region. The size of the zero-intensity region determines the imaging resolution.
In this work, we introduce the concept for stimulated scintillation emission depletion (SSED) X-ray imaging. It combines STED nanoscopy with conventional scintillator-based Xray imaging to improve the spatial resolution of the latter. This technique requires neither coherent or monochromatic X-rays, nor X-ray optics. First, we describe the concept and evaluate the requirements for the X-ray source, the STED laser, and the scintillator. Next, we perform Monte Carlo (MC) simulations to estimate the fundamental resolution limits due to finite volume X-ray energy deposition. Finally, we demonstrate experimentally that X-ray excited scintillation can be depleted by a STED-laser, the scintillating region can thereby be spatially confined, and X-ray imaging contrast can be improved by applying SSED. Schematic of radial absorbed-dose distribution of a pencil X-ray beam incident on the doughnut center, where 1 shows the contribution to the scintillation from the doughnut-zero volume, 1 + 2 shows the contribution to the visibility and the spatial resolution, 3 shows the remaining tails not affecting SSED X-ray imaging.
SSED X-ray imaging concept
The setup for SSED X-ray imaging is schematically shown in Fig. 1 . An X-ray source produces an X-ray beam that penetrates through a sample. A scintillator screen absorbs the beam and converts its spatial intensity distribution into a spatial distribution of the excited luminescence centers. A STED laser generates a STED beam [6, 7] directed with a dichroic mirror toward a microscope objective, whereby it is focused on the scintillator. An optical element(s), e. g. a phase plate, alters the STED beam creating at least one zero-intensity point, e. g. a doughnut, at a defined position in the objective focal plane, see Fig. 1(b) . The STED light instantly de-excites the X-ray excited luminescence centers except those located within narrow-sized volumes around the zero-intensity points of the STED laser, which we will refer to as doughnut-zero volumes. The scintillation emitted from these volumes is collected by the same objective and recorded by a photo-detector. An optical filter is placed in front of the detector to block the STED light. The image of the object in the scintillator screen is scanned relative to the position of the zero-intensity points, and a two-dimensional X-ray image of one projection of the sample is reconstructed. In the case of a single doughnut, a confocal pinhole is placed in front of the photodetector to reduce the detection of out-of-focus scintillation emission. An X-ray pinhole can be placed in front of the scintillator screen, firstly, to reduce the contribution of the finite volume X-ray energy deposition (Section 3.2), and secondly, to minimize the detection of scintillation emitted from out-of-focus regions (Section 4.2).
STED-nanoscopy has been successfully implemented in both pulsed [8] and continuouswave (cw) [9, 10] modes. For SSED X-ray imaging, we use continuous X-ray excitation, cw-STED laser depletion, and simultaneous scintillation detection. We expect several advantages over the pulsed SSED which employs consecutive excitation, depletion, and scintillation detection. First, no synchronization of the X-ray pulses with the STED-laser pulses is required. Second, the STED laser can cause excited state absorption (ESA) of the excited electrons into higher energy bands [11] , which competes with the stimulated emission process. The ESA electrons might return to the same excited states and relax via spontaneous emission. In the case of the pulsed techniques, this emission might occur within the detection time-window. In the case of the cw-STED, it is continuously depleted. Finally, peak power of a pulsed STED laser is always higher than its time-averaged power. This increases the probability of undesired multi-photon excitation by the STED laser.
SSED X-ray imaging requirements

Scintillator requirements
In SSED X-ray imaging, the doughnut-zero volume from which the scintillation emission is detected can be roughly approximated by an ellipsoid sized 30-100 nm perpendicular to the optical axis, and 1-1.5 μm along the optical axis, considering the detection from a >1.8 refractive index scintillator using a high-NA air immersion objective [12] . High X-ray absorption and conversion efficiencies are therefore crucial scintillator requirements for SSED X-ray imaging. They imply high density, high effective atomic number Z eff , and high light yield of the scintillation material (the number of emitted optical photons per absorbed radiation energy). From a list of scintillators with optimal properties [13-15], we select Lu 2 SiO 5 (LSO) doped with Ce or Tb and use them in the following calculations. To minimize the signal from out-of-focus planes, the thickness of the scintillator should be comparable to the DOF of the objective, see Fig. 1(c) . To achieve this, a single-crystalline scintillator film grown on a non-luminescent substrate can be a suitable option [16, 17] .
Finite volume X-ray energy deposition is the next fundamental limit beyond the diffraction barrier. X-rays with energies lower than 100 keV interact with high-Z materials, like LSO, mainly via the photoelectric effect. Fluorescent X-rays and Auger electrons, the products of this interaction, are emitted isotropically. The photoelectrons tend to be emitted perpendicular to the direction of the incident X-rays [18] . The ejected electrons are the main source of finite volume energy deposition on sub-µm range, whereas energy deposition of the characteristic X-rays spreads over much larger volumes. For example, the mean free path of 1-20 keV electrons between interactions in a conventional scintillator is 2-20 nm [19] , whereas the attenuation length of 1-20 keV X-rays is 0.3-100 μm [20] . According to the Bethe-Bloch equation, the electron stopping power increases with electron density of the material [21] . This again emphasizes the requirement of high scintillator density.
Monte Carlo simulations of X-ray absorbed-dose distributions
Spatial distribution of the X-ray energy deposited in the scintillator was estimated by Monte Carlo simulations based on the GEANT4 toolkit (version 4.9.6 patch 02) and combined with the Livermore package. This extension is applicable for electrons and photons with energies down to 250 eV [22] . In the simulation geometry, similar to those in Refs [2, 18] , a monochromatic pencil-like X-ray beam was normally incident on a 170 μm thick and 5 mm radius LSO scintillator disk, a common size of a conventional scintillator screen. The energy deposition was calculated inside a 3 μm thick surface layer oriented toward the X-ray source. The contribution from the backscattered electrons and X-rays from the 167 μm substrate was thereby also included. The layer was divided into concentric hollow cylinders with a 42 nm sampling distance (the difference between the cylinder's inner and outer radii). Additional simulations with a finer sampling distance of 1.3 nm were performed for more accurate estimates of the deposited energy distribution within a 1 μm distance from the X-ray beam. The simulations were performed for monoenergetic X-rays between 8 and 100 keV, with 2•10 7 incident photons for each X-ray energy. The obtained distributions were normalized to the volumes of the sampling cylinders to derive the radial distribution of absorbed X-ray dose per unit mass of the scintillation material d(r), shown in Fig. 2 . Normalizing the radial distribution to the unit area yields the radial point spread function PSF(r) of the X-ray interaction [18] .
The photon-and electron-transport cutoff distance was set to 1 nm, below which the particle energy was locally deposited. A distance of 1 nm corresponds to the mean free path of ≈1 keV electron in LSO [19] . Lower energy electrons continue to undergo electronelectron interactions, depositing 20-40 eV per scattering until they reach ~20 eV energy. This increases the electron path by several nanometers, a fact not included into our simulations. The broadening of the electron track due to thermalization and diffusion of excitation carriers is estimated to be 2-6 nm in oxide scintillators [19, 23] . Note that in other types of scintillation materials, the electron thermalization length can reach >100 nm [24, 25] . Since the electron has to recombine with a hole to generate light, the spread of the light emission area depends on the travel length of the carriers with the lowest mobility, e. g. holes [26] [27] [28] . Especially dedicated tools should in principle be used to simulate these processes in each material individually [25, 29, 30]. Our simulations showed two important features for high-resolution X-ray imaging. The first is a sharp decrease of the radial absorbed-dose distribution, see Fig. 2 . A similar decrease was observed in Y 3 Al 5 O 12 :Ce scintillator by Koch et al. [2] . The full width at half maximum (FWHM) of the radial absorbed-dose distribution in LSO is ≈5 nm for all the simulated X-ray energies. Thermalization paths of <1 keV electrons might further broaden this FWHM by several nanometers, which is still far beyond the diffraction barrier. The second feature is the relatively small total deposited energy in the first scoring volumes around the X-ray beam. For example, the absorbed dose of 10 keV (100 keV) X-rays in a 10 nm radius cylinder is ~10% (~1%) of that absorbed by a 5 mm radius scintillator layer. This might deteriorate the visibility of X-ray imaging with a large field of view (FOV). To estimate the visibility deterioration, we calculated the "X-ray interaction" modulation transfer function (MTF) using the Hankel transform of the X-ray interaction PSF [18]
where k is a radial spatial frequency, L/2 -is half of the effective PSF length, H is the Hankel transform operator, and J 0 is the zero-order Bessel function. This MTF represents a measurement of the ability to transfer the contrast at a particular spatial-frequency from the X-ray image to the image formed by the X-ray absorbed-dose distribution within the scintillator. L/2 is the radial distance from the X-ray beam, within which the X-ray interaction PSF has non-zero values. Regarding the experiment, the effective PSF length represents the central part of the X-ray interaction PSF that contributes to the imaging MTF, see Fig. 1 
(d).
The PSF tails exceeding that length do not contribute and have effectively zero values. Figure  3 compares MTFs at several incident X-ray energies derived from 100 μm long PSFs. MTFs of 8-10 keV X-rays demonstrate good contrast transfer for frequencies up to 5 lp/μm, whereas MTFs of >30 keV X-rays sharply decrease at < 1 lp/μm frequencies. Only a 100 keV X-ray MTF is comparable to those of conventional diffraction limited X-ray imaging systems [31] . Lower X-ray energy responses form substantially better MTFs. Moreover, these MTFs can be further improved by artificial reduction of the PSF length, e. g. by placing smaller-size X-ray pinholes in front of the scintillator screen, as shown in Fig. 1(c) . Figure 4 illustrates this effect by comparing spatial resolution at 10% MTF (half of the inverse spatial frequency at 10% MTF) for various X-ray energies and effective X-ray interaction PSF lengths. The use of shorter PSFs improves the resolution. With 0.1 μm long PSFs, the imaging resolution, based on the spread of the absorbed dose, is < 15 nm for all the studied X-ray energies. With 100 μm long PSFs, the resolution worsens to 30 -300 nm depending on the X-ray energy. The reason for this is the contribution from the PSF's tails. The resolution worsens with increasing incident beam X-ray energy. The exceptions are 10, 13, and 65 keV X-rays, which result in excellent resolution performance for all PSF lengths below 100 μm. Those X-rays interact with LSO mainly via photoelectric effect ejecting 1-4 keV photoelectrons from Lu K-shell (≈63.3 keV binding energy) and L-shells (≈9.2-10.9 keV binding energies), which leave relatively high absorbed doses in the vicinity of the interaction point. Interestingly, scintillator absorbed-dose PSF of a <2.8-keV-electron beam was experimentally observed in recently developed cathodoluminescence-activated imaging method [32] . The effect of the PSF on the resolution was <50 nm despite less dense and smaller Z eff scintillator was used.
Depletion requirements
SSED X-ray imaging imposes two additional requirements: efficient de-excitation of the excited luminescence centers by the STED-laser and negligible luminescence excited by the STED-laser itself. As in STED nanoscopy, the spatial resolution is approximated by [33]
where P STED and λ STED are the power and wavelength of the STED laser, NA is the objective numerical aperture, and P s is the power of the STED laser at which the probability of the excited luminescence center to be de-excited via stimulated emission is 50%. P s is given by [9] [34] . Based on Eq. (2), a resolution improvement to 100-150 nm can be expected with 50…150 mW STED-laser focused in a single doughnut.
Photodetector signal and X-ray flux requirements
In the following, we estimate the photodetector signal due to the detected scintillation from the doughnut-zero volume; then, we determine the X-ray flux required to excite scintillation of intensity sufficient to surpass possible imaging noise. For this, we introduce the quantum efficiency of SSED X-ray imaging η SSED , defined as the number of photodetector counts per number of the X-rays incident on the scintillator surface below the doughnut-zero volume. We estimate η SSED for 10, 30, 65, and 100 keV X-rays, LSO:Ce and LSO:Tb scintillators, a 0.95NA microscope objective, and a commercially available photodetector. The doughnutzero volume was approximated by a cylinder with the height equal to the DOF estimated as nλ STED /NA 2 ≈1.1 μm, where n LSO = 1.8, NA = 0.95, and λ STED ≈550 nm. The doughnut-zero diameter was set to 30 and 100 nm corresponding to different values of imaging resolution. The STED beam was focused within the 3 μm thick scintillator surface layer oriented toward the X-ray source. The spatial distribution of the X-ray beam incident on the scintillator surface was uniform.
The quantum efficiency of SSED X-ray imaging was calculated as
η abs is the doughnut-zero absorbed-dose coefficient defined as the X-ray energy deposited within the doughnut-zero volume to total energy of the X-rays incident on the scintillator surface below this volume, see Fig. 1(c) . It was calculated as the product of the radial η abs-r and axial η abs-z absorbed-dose coefficients η abs = η abs-r η abs-z , both derived from the Monte Carlo simulations. η abs-r is defined as the X-ray energy deposited within the doughnut-zero volume relative to the total X-ray energy deposited within the 5 mm radial extension of this volume, i. e. Ø10 mm x 1.1 μm scintillator layer. The dose absorbed by the doughnut-zero volume was derived using the convolution of the X-ray radial absorbed dose distribution of Fig. 2 with the uniform intensity distribution of the X-rays incident on the doughnut-zero volume. The calculated values of η abs-r are compiled in Table 1 . η abs-r is ~2.5-fold higher for Ø100 nm than for Ø30 nm doughnut-zero due to the spread of the absorbed dose of the secondary particles. η abs-r is an order of magnitude higher for 10 keV X-rays than for 100 keV X-rays due to higher relative absorbed-dose of the secondary particles within these scoring regions.
η abs-z is defined as the X-ray energy deposited within the Ø10 mm x 1.1 μm scintillator layer relative to the total energy of the X-rays incident on the scintillator surface below the doughnut-zero volume. The values of η abs-z are compiled in Table 1 as well. η abs-z decreases two orders of magnitude with increasing X-ray energy from 10 to 100 keV. Note that η abs-z are on average 1.5 to 4 times smaller than the tabulated values of the corresponding X-ray absorption efficiencies [20] , because MC simulations also take into account the absorbeddose distribution of the secondary particles within the scintillator and their escape from the scintillator into the outer medium. The latter becomes a crucial aspect when nanoscale scintillators are considered [35] .
The conversion efficiency η x/ν of absorbed X-rays into optical photons is defined as a product of the scintillator light yield and the X-ray energy. The light yield of LSO:Ce is 30-32 photons per absorbed keV energy (ph/keV) of 662 keV X-rays [14] . However, the absorbed dose by the doughnut-zero volume is mainly due to ~8 keV Auger electrons or 1-2 keV photoelectrons in our particular case of 10, 30, 65, and 100 keV X-rays interacting with LSO:Ce scintillator. Taking into account the non-linearity of the LSO:Ce electron response [36], we estimated its light yield as ≈22 ph/keV. The light yield of LSO:Tb was estimated as η x/ν ≈28 ph/keV [37] . η col = (NA/2n) 2 is the objective light collection efficiency. The values of η SSED calculated with Eq. (4) are compiled in Table 1 . η SSED does not exceed 0.1 photodetector count per one X-ray incident on the scintillator surface below the doughnutzero volume. The photodetector signal can now be calculated as P = I x (πd 2 /4)η SSED , where d is the doughnut zero cylinder diameter, and I x is the X-ray flux. The values of P for I x = 10 12 ph/mm 2 /s are compiled in Table 1 . For LSO:Tb, the photodetector signal varies from 800 counts per second (cps) for Ø100 nm doughnut-zero and 10 keV X-rays to ~0.6 cps for Ø30 nm doughnut-zero and 100 keV X-rays. LSO:Ce produces 3.5 lower signal. 100-nm resolution imaging will require then a flux of ~10 9 …10 10 ph/mm 2 /s of 10 keV X-rays to overcome moderate photodetector noise of 5 cps. For 30-nm resolution, the flux of ~10 10 …10 11 ph/mm 
Proof-of-concept experiments
The proof-of-concept experiments were performed at the beamline for Tomographic Microscopy and Coherent Radiology Experiments TOMCAT [39] of the Swiss Light Source with the setup shown in Fig. 1 . A nearly-parallel beam (2 mrad x <0.6 mrad divergence) of 12.5 keV X-rays at ~7•10 11 ph/mm 2 /sec flux [40] probed a sample and impinged on a scintillator. The source-to-scintillator distance was 25 m, and the sample-to-scintillator -20 mm. The scintillator, a 1.6 μm thick single-crystalline film (SCF) of LSO doped with 12% at. Tb 3+ , was grown on a non-luminescent 170 μm thick Yb 2 SiO 5 (YbSO) substrate with a liquidphase epitaxy (LPE) method by Martin et al [37] . The experiments were performed without an X-ray pinhole, and with Ø 16 μm and Ø 1.8 μm circular X-ray pinholes. The pinholes (cut into 25 μm thick W foils by focused ion beam milling using Gallium ions in a FEI Helios dual beam system) were placed 10 mm in front the scintillator resulting in essentially the same diameters of the excited area as the diameters of the pinholes. A STED-laser (cw-628 nm, MPB Communications) was focused with a microscope objective (Nikon Plan Apo 40x/0.95NA air) through the substrate on the scintillator. A vortex phase plate (RPC Photonics, VPP-1a) was used to create a focal doughnut. The polarization direction of the STED-laser was controlled by a half-wave plate (HWP) placed in front of the VPP. A nonpolarizing cube beamsplitter was used to direct the STED-laser beam into the microscope objective. The scintillation was collected with the same objective and focused either on a CCD-camera (PCO.2000), or on a single pixel photon counter (Micro Photon Devices, 30 μm, grade F, <3.7 dark cps), which also served as a confocal pinhole. A pair of 544/24 optical filters was used to transmit LSO:Tb emission and block STED-laser photons. The filters were tilted relative to each other to ensure <10
−12 transmittance at 628 nm. Note that LSO:Tb and 628 nm STED-laser were selected out of a number of other combinations, firstly, because the LSO:Tb excitation can be depleted at relatively low power of the 628 nm laser, and secondly, because of sufficiently weak luminescence of LSO:Tb excited by the 628 nm laser itself [34]. STED-laser PSF functions in Fig. 5 were measured using the reflection of the STED-laser from the scintillator-air surface with the CCD camera as shown in Fig. 1(a) . The shape of the PSF was controlled by adjusting a correction collar of the objective and by rotating the STED-laser polarization axis using the HWP. The "doughnut-like" PSF of Fig. 5(a) lacks perfect circular symmetry standard for STED-nanoscopy. Figure 5(b) shows a cross-section through the doughnut, highlighting the low intensity at its center. In fact, due to the finite pixel size of the CCD camera the true intensity at the center is lower than what is measured. Rotation of the polarization axis by 90°, 180°, and 270° resulted in the same PSF-shapes respectively. Other directions of the polarization axis resulted in stronger disturbed PSFs, closely resembling the astigmatism-affected ones [41, 42] . Circular polarization, required to obtain zero-intensity in the center of the doughnut [43] , resulted in superposition of the "doughnut-like" and the disturbed PSFs, which was avoided. Linear laser polarization with the axis direction resulting in the "doughnut-like" PSF of Fig. 5(a) was used in the following proof-of-concept experiments.
Doughnut-like PSF
Observed astigmatism could be caused by birefringence of the scintillator substrate. LSO has refractive indexes of n 11 ≈n 22 ≈1.8 and n 33 ≈1.82 at 628 nm [38] . The substrate, YbSO, has the same crystal structure as LSO with slightly different lattice parameters [44] [45, 46] .
Scintillation depletion measurements
In the first proof-of-concept experiment, the X-ray excited scintillation signal of LSO:Tb was measured as a function of STED-laser power using the photon counter, see Fig. 6 . The measurements were performed without, with the 16 μm, and the 1.8 μm X-ray pinhole. The STED-laser was focused through the substrate into the central region of the excited scintillator area with the doughnut-like PSF of Fig. 5(a) . The X-ray excited scintillation signal decreases with increasing STED-laser power, similar to the optically excited luminescence [34] . Remarkably, we did not detect any additional excitation due to possible interaction of STED-laser photons with X-ray absorption products, e. g. conduction band electrons. Only a 3-4% increase of the scintillation signal was observed with increasing STED-laser power from 0 to ~1 mW. This signal was ascribed to optically stimulated release of the traps which are filled when LSO:Tb is excited by X-rays [47] .
A substantial fraction of the scintillation signal, however, could not be depleted. We will refer to it as "undepletable" scintillation. Its signal is ~60,000 cps using no X-ray pinhole, ~40,000 cps using the 16 μm pinhole, and ~10,000 cps using the 1.8 μm pinhole, corresponding to 67%, 57%, and 25% of the original scintillation signal, respectively. Those fractions are higher than 14% in the case of focused optical laser excitation [34] . The depleted signal, plotted as dotted curves in Fig. 6 , is the same in all three cases. Clearly, the size of the excitation pattern affects the amount of the detected "undepletable" scintillation. This background scintillation is either emitted outside the depletion region and then detected due to scattering or reflection events, or this is scintillation directly detected from outer Airy rings of the microscope PSF.
In confocal optical microscopy, both the observation and the illumination PSF are described by Airy diffraction patterns, which are the same when the same optics is used [48] . The resulting imaging PSF is a product of the two, and the signal originating from the Airy rings is negligibly small. In SSED, however, the X-ray illumination pattern is homogeneous, resulting in a higher fraction of the signal detected from the Airy rings. In an ideal confocal detection system, this fraction is 16.2% [3] . We observed as much as 67%. Theoretically, this fraction can be even higher due to spherical aberrations [49] or astigmatism [41] . In our case, the spherical aberrations can originate from refractive index mismatch between the designed for n = 1.515 cover glass microscope objective and the n≈1.8 scintillator substrate. To estimate the effect of aberrations, we employed a "PSF Lab" simulation software, which calculates the illumination PSF of the beam focused through several layers by high-NA objectives operated under non-design conditions [50] . The fraction of the emission detected from the Airy rings region can be indeed ≥67% for our experimental conditions. Since the thickness of the scintillator, 1.6 μm, is comparable to the DOF of the detection system, 1.1 μm, most of the signal associated with outer Airy-rings actually originates from the objective focal plane. Therefore, we will refer to it as "out-of-confocal-volume" signal rather than "outof-focus".
The detected "undepletable" scintillation signal is expected to deteriorate the contrast of SSED X-ray imaging. Independent of the proposed origin, the signal can be minimized by using e. g. an X-ray pinhole allowing X-rays to impinge on the scintillator only within the confocal volume. A better solution could be parallelization of SSED using a wide-field nonlinear structured depletion pattern, which has been successfully implemented with widefield excitation in super-resolution microscopy [51] .
Spatial confinement of the scintillation signal
Next, we demonstrate the possibility of spatial confinement of the scintillation signal by the STED-laser. The scintillator was excited on an area of Ø 1.8 micrometers and the donutshaped depletion laser has been focused into the center of this area. The resulting scintillation emission, imaged with the CCD, is shown together with corresponding intensity profiles in Figs. 7(a)-7(e). The inset in Fig. 7(e) shows the fraction of the scintillation remaining under the depletion, calculated by dividing the scintillation profiles at various STED-laser powers over the scintillation profile at 0 mW. The scintillation signal decreases non-uniformly within the crystal. At 99 mW, the intensity drops to ~40% in the center of the doughnut, and to ~30% -at the rim. To the best of our knowledge, this is the first observation of spatial confinement of scintillation using a STED-laser. However, the observed ratio of the signal remaining in the doughnut-center to the signal remaining in the doughnut-rim is currently too low for practical applications. As discussed in Section 4.1, the aberrations-distorted doughnut with non-zero intensity in its center is currently the main limitation. Additionally, as discussed in section 4.2, there is a residual scintillation signal that originates from outside of the confocal volume. This effect can be demonstrated with a larger, Ø 16 μm, excitation area in Figs. 7(f)-7(j), for which the center-to-rim contrast vanishes in the scintillator signal that emerges from outside of the confocal volume.
SSED scans
Our final proof-of-concept experiment demonstrates an improvement of the contrast of the Xray imaging. For this, a 2.1-μm thick 1D Au grating with various linewidths down to 300 nm and 50% duty cycle was grown in polymethyl-methacrylate resist molds prepared by e-beam lithography (Vistec EBPG 5000plus) on a 250-nm thick Si 3 N 4 substrate [52] . The electroplated Au has an estimated density of 17 g/cm 3 , allowing 56% transmission of the 12.5-keV X-rays. A scanning electron microscope image of the 300 nm lw grating is shown in Fig. 8(a) . An X-ray image of the 300 nm lw grating made with the diffraction-limited microscope of Fig. 1 using the CCD camera is shown in Fig. 8(b) . In the proof-of-concept experiment, the grating, placed on the "sample" position in Fig. 1 , was moved step-wise with a piezo stage (P-612.2 XY, PI) with step-size of 60 nm. After each step, the photon counter registered the scintillation signal during 4 sec. The 1.8 μm X-ray pinhole was used to minimize the detection of out-of-confocal-volume scintillation. The STED-laser was focused to the center of the excited scintillation area as shown in Fig. 7 . The scans were repeated multiple times along the same line with the STED laser switched on and off. For the 300 nm lw grating, the measurements demonstrate an average-visibility improvement from 5% without the STED-laser to 13% with the STED-laser, see Fig. 8(c) . The measurements with the 16 μm X-ray pinhole resulted in <2.5% visibilities, as was expected due to the larger fraction of the registered scintillation from outside the confocal volume. According to Eq. (2), a 2-3 fold resolution improvement can be expected for a 100 mW STED-laser applied to LSO:Tb [34]. Our measured visibility improvement is apparently far from optimum, but it clearly demonstrates the feasibility. To quantify the resolution limits of SSED imaging, more measurements with lower aberrations and reduced background due to out-of-confocal volume scintillation are needed.
Outlook
X-ray imaging methods based on X-ray optics by now reached sub-100 nm to sub-10 nm resolution. In particular, the use of diffractive zone plates allows <20 nm resolution in the hard X-ray regime [53] . With reflective optics, <10 nm resolution is achievable [54] . With refractive lenses [55] , an X-ray beam can be focused to <50 nm [56] , and with Laue lenses to 7 nm spot sizes [57] potentially reaching 1 nm [58] . These methods, however, rely on the fabrication of X-ray optics. Several of them also require coherent and monochromatic X-ray beams. Furthermore, the imaging can be time-consuming, especially for the case of scanning techniques.
The SSED X-ray imaging method, proposed and demonstrated in this work, offers a solution without the involvement of X-ray optics, and without relying on coherent or monochromatic X-ray sources. To compete with X-ray optics based methods, SSED X-ray imaging needs to have comparable speed and spatial resolution. The latter is fundamentally limited by the spread of the deposited X-ray energy, the effect of which was estimated in this work as <50 nm at 10% contrast for certain hard X-ray energy ranges, see Fig. 4 .
Raster scanning a single doughnut beam is too slow for practical applications. For example, a single radiography scan of 10x10 μm 2 area with 100 nm resolution will require 50 nm step sizes, or 40,000 steps in total. With 1 sec pixel dwell time, necessary to accumulate 500-1000 counts per pixel for reasonable SNR, the total scan would last 11 hours. Therefore, for practical applications, a parallelization of SSED X-ray imaging is required, perhaps adopting a solution from super-resolution microscopy [51] . For example, the 1064 nm transition of YVO:Nd has a stimulated emission cross-section of 1.56x10 −18 cm 2 and a radiative lifetime of 115 μs [59] . Recently demonstrated depletion via up-conversion also requires several-order lower laser power [60] . Charge transfer transition from the valence band to 4f levels of the lanthanides, or even ESA which cross-section can reach 10 Besides X-ray imaging, the SSED with its sub-50-nm resolution can potentially find applications in scintillator research. For example, the radiation spread and energy transfer mechanisms could be studied by mapping the scintillator response to a tunable-energy nanofocused X-ray, electron, or proton beams.
Summary
We have introduced the concept for stimulated scintillation emission depletion (SSED) X-ray imaging. It is based on the combination of conventional scintillator-based X-ray imaging with STED nanoscopy. Its advantage is potentially superior spatial resolution, which could go beyond the scintillation diffraction barrier (< 300 nm) without the requirement of coherent or monochromatic X-rays and without the use of X-ray optics. This is achieved by confining the scintillator excitation to sub-diffraction sized volumes with a STED-laser, and detecting scintillation from these volumes in a raster-scan mode.
The requirements for the scintillator material, the STED laser, the X-ray energy, and the X-ray flux for SSED X-ray imaging were investigated. The limits of spatial resolution due to finite volume X-ray energy deposition, estimated with GEANT4 Monte Carlo simulations, are far beyond the diffraction barrier. For example, the resolution due to X-ray interaction in LSO is < 50 nm at 10% MTF for 8-15 keV and ~65 keV X-rays. The photodetector signal due to the scintillation emission from the doughnut zero-intensity volume was calculated for LSO:Ce and LSO:Tb scintillators and a conventional microscope using the X-ray absorbeddose coefficients derived from the MC simulations. A flux of 10 12 ph/mm 2 /s of 10 keV X-rays results in ~800 photodetector cps in case of the Ø 100 nm doughnut center, and ~30 cps in case of the Ø 30 nm one. Due to high flux requirement, the SSED X-ray imaging is rather applicable at synchrotron facilities.
Proof-of-concept experiments, performed with the 1.6 μm think LSO:Tb scintillator and the 628 nm cw STED-laser, demonstrated feasibility of the SSED X-ray imaging. First, X-ray excited scintillation was efficiently depleted with the STED-laser. No additional excitation due to interaction of STED-laser photons with X-ray absorption products was observed. Second, the contrast of the 300 nm line-width grating imaging was improved from 5% to 13% by applying SSED. This improvement is apparently far from optimum. The obtained STEDdoughnut was distorted by astigmatism as a result of birefringence of the scintillator substrate. Imaging contrast was deteriorated by detection of the scintillation from outside the confocal volume that could not be depleted.
For practical applications, the aberrations and the detection of out-of-confocal-volume scintillation need to be minimized. Furthermore, the parallelization of the SSED is required, first, to compete speed-wise with current X-ray imaging methods based on X-ray optics, and second, to improve the imaging contrast by reducing the detection of the background scintillation.
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